Abstract Increased brain volume is a consistent finding in young children with autism spectrum disorders (ASD); however, the regional specificity and developmental course of abnormal brain structure are less clear. Small sample sizes, particularly among voxel-based morphometry (VBM) investigations, likely contribute to this difficulty. Recently established large-scale neuroimaging data repositories have helped clarify the neuroanatomy of neuropsychiatric disorders such as schizophrenia and may prove useful in ASD. Structural brain images from the Autism Brain Imaging Database Exchange (ABIDE), which contains over 1100 participants, were analyzing using DARTEL VBM to investigate total brain and tissue volumes, and regional brain structure abnormalities in ASD. Two, overlapping cohorts were analyzed; an 'All Subjects' cohort (n = 833) that included all individuals with usable MRI data, and a 'Matched Samples' cohort (n = 600) comprised of ASD and TD individuals matched, within each site, on age and sex. Total brain and grey matter volumes were enlarged by approximately 1-2 % in ASD; however, the effect reached statistical significance in only the All Subjects cohort. Within the All Subjects cohort, VBM analysis revealed enlargement of the left anterior superior temporal gyrus in ASD. No significant regional changes were detected in the Matched Samples cohort. There was a non-significant reduction in the correlation between IQ and TBV in ASD compared to TD. Brain structure abnormalities in ASD individuals age 6 and older consists of a subtle increase in total brain volume due to enlargement of grey matter with little evidence of regionally specific effects.
Introduction
Autism spectrum disorder (ASD) is characterized by a core of symptoms that include diminished reciprocal social communication and interaction, as well as repetitive and stereotyped behaviors. There is broad consensus that ASD is a neurodevelopmental brain disorder; however, the underlying neuroanatomy of ASD is unclear. One prominent theory posits that ASD involves enlargement of total brain volume (TBV) due to accelerated postnatal brain growth Piven et al. 1995) . This theory is supported by consistent reports of increased head circumference (HC) and TBV (Campbell et al. 1982; Hazlett et al. 2005; Piven et al. 1995) . However, there are critical knowledge gaps in our understanding of the trajectory and magnitude of abnormal brain growth in ASD. TBV and HC enlargement have been consistently reported in young children (Courchesne et al. 2003; Hazlett et al. 2005) , particularly between the ages of 2 and 4, with some studies reporting approximately 10 % increase in TBV (Courchesne et al. 2007; Redcay and Courchesne 2005; Sparks et al. 2002) . This is consistent with the rapid expansion of intracranial and brain volumes that occur in the first few Kaitlin Riddle and Neil D. Woodward contributed equally to this work.
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The online version of this article (doi:10.1007/s11682-016-9534-5) contains supplementary material, which is available to authorized users. years of life (Courchesne et al. 2000; Kamdar et al. 2009; Lenroot et al. 2007 ). The picture in later childhood through adolescence and adulthood is murkier. Consistent with the idea of early brain overgrowth and subsequent normalization, Aylward at et al. found that TBV is enlarged by approximately 5 % in children under 12, but not adolescents or adults. In contrast, several studies reported marked TBVenlargement, on the order of 5-7 %, in adolescents (Herbert et al. 2003; Palmen et al. 2005; Piven et al. 1995) .
The regional specificity of brain structure abnormalities in ASD is also poorly understood. Studies using region of interest (ROI) approaches have found that Increased TBV may be due to an overall increase in grey matter involving all lobes (Palmen et al. 2005) , relatively greater enlargement of specific regions, such as the temporal lobe (Courchesne et al. 2007; Hardan et al. 2006) , or a combination of localized increases in some areas and volume reduction in others (Duerden et al. 2012) . There are also reports of increased white matter volume (Herbert et al. 2003) ; although other studies found no differences (Palmen et al. 2005) or even reduced white matter volume (Jou et al. 2011 ). Voxel-based morphometry studies, which, unlike ROI investigations, are capable of examining brain structure changes at the millimeter range throughout the whole brain, have also produced variable findings.
The inconsistent findings are undoubtedly due, at least in part, to small sample sizes. For example, over half of the neuroimaging studies included in a recent meta-analysis of TBV included fewer than 25 individuals with ASD (Stanfield et al. 2008 ). The situation is more acute for studies examining regional changes in grey matter. Just 2 out of 19 investigations included in an anatomical likelihood estimation (ALE) meta-analysis of VBM studies included more than 25 individuals with ASD (Duerden et al. 2012) . A more recent meta-analysis of VBM studies in high functioning ASD found that just 6 out of 21 studies includes more than 25 subjects with ASD, only 1 of which included more than 50 individuals with ASD (DeRamus and Kana 2015) . Sample size limitations are especially problematic for voxel-based methods, such as VBM, as they require correction for multiple comparisons which dramatically reduces statistical power. Consequently, the small number of subjects included in many VBM studies raises serious concerns about the replicability of findings, reporting bias, and Type I errors. Indeed, a recent review of VBM studies concluded that the number of affected brain regions implicated in neurological and psychiatric disorders is inflated in studies with small sample sizes, which is consistent with reporting bias .
A large number of neuroimaging data-sharing initiatives have emerged over the past several years and have proven extremely useful for clarifying normal brain function and the neuroanatomy of neuropsychiatric disorders. They include coordinated efforts, such as the Alzheimer's Disease Neuroimaging Initiative (ADNI) and Human Connectome Project (HCP), and grass-roots efforts, such the 1000 Functional Connectomes Project (Biswal et al. 2010; Mueller et al. 2005; Van Essen et al. 2013) . Typically, the grass-roots lead initiatives consist of data collected on patient populations and healthy controls at several, often dozens, of different sites which are then deposited into online repositories. Despite the heterogeneity associated with multi-site data, these databases have been instrumental in clarifying the neuroanatomy of neuropsychiatric disorders. For example, grassroots led data sharing initiatives helped clarify the pattern and magnitude of cortical and sub-cortical abnormalities in schizophrenia (Gupta et al. 2015; van Erp et al. 2015) . Large scale, multi-site datasets have even proven sensitive enough to detect the subtle effects of allelic variation in common polymorphisms on brain structure (Stein et al. 2012) .
The recently created Autism Brain Imaging Database Exchange (ABIDE), which contains imaging data on over 1100 individuals, is an excellent resource for examining brain structure abnormalities in ASD. Recently, using the ABIDE, Haar and colleagues examined volumetric, thickness, and surface area measurements of over 180 anatomically defined ROIs (Haar et al. 2014) . In terms of overall brain volumes, they found that ASD was associated with very slight increases in intracranial and ventricular volumes. With respect to cortical and subcortical areas, individuals with ASD had thicker cortex in left STG and sulcus, bilateral occipital lobe, and midline parietal ROIs. In the present study, we sought to complement these findings by using VBM to characterize brain structure changes at the voxel-wise level, particularly throughout development from mid-childhood to adulthood. As mentioned earlier, the capability of VBM to examine brain structure changes throughout the brain at the millimeter range makes it an excellent complement to ROI approaches and the large size of the ABIDE provides excellent statistical power compared to prior VBM investigations. To put the size of the ABIDE in context, recent meta-analyses of VBM studies by Duerden et al. (2012) and Nickl-Jockschat et al. (2012) included a total of 692 and 584 subjects, respectively.
Methods and materials Subjects
All data included in this investigation came from the ABIDE which is described in detail in Di Martino et al. (2014) . Briefly, the ABIDE is a publically available repository of structural MRI and resting-state fMRI data acquired on individuals with ASD and typically-developing (TD) individuals from 17 independent sites. ABIDE includes 1112 datasets comprised of 539 individuals with ASD and 573 TD individuals. The original studies included in ABIDE received approval from each site's Institutional Review Board (IRB). With respect to diagnostic procedures, most sites used the Autism Diagnostic Interview-Revised (Lord et al. 1994) or the Autism Diagnostic Observation Schedule (Lord et al. 2000) . In addition to diagnostic classification, each site provided basic phenotypic data on each subject, including age and sex. Most sites also included a measure of intellectual functioning.
All subjects and matched samples cohorts
In an effort to maximize statistical power, while also limiting the impact of potential confounds associated with multi-site investigations, two sets of analysis were performed on overlapping samples extracted from the ABIDE. The first sample, the BAll Subjects^cohort, included 833 subjects with structural MRI scans that met our quality control criteria described below. From the sample of 833 subjects, we extracted a BMatched Samples^cohort in which ASD and TD subjects were matched within each site on age (±2 years) and sex. Critically, it has been shown that balancing the number of cases to controls within each site effectively mitigates site effects in between groups contrasts, whereas unbalanced numbers of cases to controls has the opposite effect (Takao et al. 2014) . Matching was performed objectively using the Casecontrol Matching feature in the Statistical Package for the Social Sciences (SPSS). The BMatched Samples^cohort consisted of 600 subjects (i.e. 300 case-control pairs). Demographic data for the BAll Subjects^and BMatched Samples^cohorts are presented in Table 1 .
Structural neuroimaging data Pre-processing and quality control
A whole-brain T1-weighted volumetric Magnetization Prepared Rapid Gradient Echo (MPRAGE) structural MRI was acquired on every subject in the ABIDE (the parameters used at each site can be found at http:// fcon_1000.projects.nitrc.org/indi/abide/). Each subject's structural scan was segmented into gray matter, white matter, and cerebral-spinal fluid (CSF) tissue classes using the VBM8 toolbox (http://dbm.neuro.uni-jena.de/vbm/) for SPM8 (http:// www.fil.ion.ucl.ac.uk/spm). Total grey matter, white matter, and total brain volume (TBV = GM + WM) was calculated for each subject from the native space segmented images. These variables served as the primary dependent variables in the total tissue volumes analyses. Following segmentation, the grey matter tissue class images were normalized to a template image included with the VBM8 toolbox, comprised of 550 s u b j e ct s , u s i n g t h e h i g h di m e ns i o na l D A RT E L normalization method (Ashburner 2007) . Images were modulated by the non-linear component only during normalization since the goal of the voxel-wise analysis was to identify regional differences in grey matter volume after adjusting for total brain volume (i.e. linear components). The images were interpolated to voxel dimensions of 1.5 mm isotropic resolution during DARTEL normalization and smoothed with a 6 mm kernel prior to statistical analysis.
Quality control was performed at multiple points in the data preprocessing. First, every structural scan was visually inspected, blind to diagnosis. Scans containing obvious artifacts (e.g., ghosting or blurring due to head motion) were excluded. Second, the accuracy of the spatial normalization step was visually inspected. Third, the segmentation accuracy was assessed by overlaying the segmented images on the original native space T1 structural scan and inspecting for segmentation errors (e.g. missing/misclassified tissue, failed skull stripping). Again, this step was done blind to diagnostic status. Scans with segmentation errors were excluded from further analysis. Finally, the BCheck Sample Homogeneity using Covariancef unction in VBM8 was used to identify outlier scans. Grey matter segmented images with mean values greater than two standard deviations from the sample mean were again visually inspected to ensure they did not contain artifacts. 279 subjects were excluded due to missing T1 image or obvious imaging artifacts (n = 133), and segmentation/normalization failure (n = 146). Examples of poor quality scans and segmentation failures are presented in Supplemental Figure 1 .
Statistical analysis
Group differences in total brain volumes and regional grey matter volume Group differences in TBV were analyzed using univariate ANOVA. To identify selective differences in tissue volumes, a multivariate ANOVA (MANOVA) with tissue type (i.e. grey, white, CSF) entered as the dependent variables and diagnosis as a group factor was performed. In cases where there was a main effect of group, post-hoc univariate ANOVAs were carried out to determine which dependent variable(s) differed between groups. All analyses included age, sex, and site as covariates. TBV and total tissue volume analyses were followed up with VBM analysis to identify group differences in grey matter volume at the voxel-wise level. Specifically, within SPM8, the non-linear modulated grey matter tissue class images were entered into an independent groups t-test comparing ASD to TD individuals. VBM analyses included age, sex, and site as covariates and the contrast comparing ASD and TD groups was thresholded at the whole-brain, cluster-level Family-wise error corrected p = .05 for voxelwise p-value = .001.
Age effects
Given speculation that abnormalities in brain structure in ASD vary by developmental stage, we also examined group differences as a function of age. Most studies in the ABIDE included either children or adolescents/adults, but not both. Thus, age and site were not independent; there was a significant site by age interaction (x 2 (57) = 636.20, p < .001). This is problematic from a statistical perspective as colinearity between covariates and independent variables is a potential confound when interpreting interactions. To avoid this confound, age was treated as a dichotomous rather than continuous variable and differences between ASD and TD were examined within specific age bands. Subjects were divided into four age bands based on quartiles of age distribution for the entire sample of subjects included in the ABIDE. The four age ranges were labelled as 'Children' (age 6-12.6 years), 'Young Adolescents' (age 12.7-16.1 years), 'Older Adolescents' (age 16.2-22 years), and ' Adults' (age > 22 years). The TBV, total tissue volumes, and VBM analyses described above were repeated within each age band. Demographic variables for each diagnostic group broken down by age band are presented in Supplemental Table 1 .
IQ Effects
We also investigated what effect, if any, IQ has on differences in brain structure between ASD and TD, and the relationship between brain volumes and IQ. Many sites reported a full-scale intelligence quotient (IQ) along with verbal and performance IQ (VIQ and PIQ, respectively). A small number of sites reported VIQ and PIQ, but not IQ. In these cases, VIQ and PIQ were averaged to create an IQ score. To determine if group differences in TBV were related to IQ differences, we repeated the primary analysis of TBVand tissue volumes, and the voxelwise analysis including IQ as an additional covariate. The relationship between TBV and IQ was evaluated using a linear regression analysis with TBVentered as the dependent variable and age, sex, site, diagnostic group and IQ entered as predictors. This analysis was repeated including the IQ by group interaction term to determine if the relationship between TBV and IQ differed between the ASD and TD groups. All Subjects Cohort TBV was significantly larger in ASD compared to TD by 1.58 % (adjusted volumes: 1257.9 ml vs. 1238.3 ml; F(1828) = 5.63, p = .018). The MANOVA with grey matter, white matter, and CSF entered as dependent variables revealed a main effect of group (F(3826) = 5.16, p = .002). As shown in Fig. 1 , the tissue main effect of group was due to a 2.17 % enlargement in total gray matter volume in ASD (adjusted volumes: 730.6 ml vs. 714.4 ml; F(1828) = 10.45, p = .001); no group differences were detected for white matter (527.3 ml vs. 523.8 ml; F(1828) = 0.62, p = .432) and CSF volumes (237.5 ml vs. 233.9 ml; F(1828) = 1.22, p = .270).
Matched Subjects Cohort Consistent with the analysis of all subjects, TBV was approximately 1.27 % larger in ASD compared to TD (1260.4 vs. 1244.6 ml) within the Matched Samples cohort; however, this difference did not reach statistical significance (F(1595) = 2.56, p = .110). Also consistent with the analysis of all subjects, total grey matter volume was significantly larger in ASD by approximately 1.75 % (732.6 vs. 720.0 ml; F(1595) = 4.58, p = .033); however, the overall MANOVA with tissue type entered as the dependent variables only reached trend significance (F(3593) = 2.42, p = .065).
Regional grey matter volume in ASD: voxel-based morphometry
Results of the VBM analyses of voxel-wise grey matter volume are presented in Table 2 and Fig. 2 . In light of modest group differences in TBV between ASD and TD, it is important to reiterate that the analysis of modulated, normalized images in VBM, as performed here, controls for individual differences in TBV. Within the All Subjects cohort, VBM analysis revealed a single cluster located in the left anterior superior temporal gyrus (STG) (MNI coordinates: −66 − 6 − 2) of increased grey matter volume in ASD compared to TD. There were no areas of grey matter where the TD group demonstrated significantly greater volume than the ASD group. No significant group differences were detected in the Matched Samples cohort.
Age effects
All Subjects Cohort Results of total tissue volumes comparing ASD and TD within each age band are presented in Fig. 1 . In Children (age range 6 to 12.7 years), there was a nonsignificant trend towards increased TBV in ASD (1221.0 ml vs. 1191.0 ml; (F(1197) = 3.25, p = .073). MANOVAwith grey All Subjects (n=833) Matched Samples (n=600) matter, white matter, and CSF entered as dependence variables was significant (F(3195) = 2.88, p = 037) due to significant enlargement of grey matter in ASD (752.6 ml vs. 724.2 ml; F(1197) = 6.33, p = .013), but not white matter and CSF (Fvalues < 1.56, p > .213). In the Young Adolescent cohort (age range 12.7 to 16.1 years), no significant differences in TBVor total tissue volumes were detected (TBV: F(1208) = 0.86, p = .355; MANOVA F(3206) = 1.60, p = .192). In Older Adolescents, TBV was increased in ASD compared to TD at the trend significance level (1303.2 ml vs. 1272.2 ml; F(1208) = 3.33, p = .069). The MANOVA examining group d i f f e r e n c e s i n t i s s u e v o l u m e s w a s s i g n i f i c a n t (F(3206) = 3.07, p = .029) due to the fact that grey matter volume was significantly increased in ASD (742.4 ml vs. 722.4; F(1208) = 4.45, p = .036), as was CSF volume (247.7 ml vs. 235.5 ml; F(1208) = 5.30, p = .022). In Adults, no significant differences in TBV (F(1200) = 0.19, p = .891) and total tissue volumes were detected (MANOVA F(3198) = 0.90, p = .445).
Matched Samples Cohort Results of total tissue volumes comparing ASD and TD within each age band presented in Fig. 1 . There was no difference in TBV between TD and ASD groups within the children age band (F(1146) = 0.40, p = .527). Similarly, the MANOVA did not reveal any group differences for tissue type (F(3144) = 1.64, p = .184). No group differences in TBV and total tissue volumes were detected in the Young Adolescents age band (all F-values < 0.54, p-values > .618). In the Older Adolescents age band, TBV was significantly increased in ASD (1318.6 ml vs. 1276.2 ml; F(1146) = 4.17, p = .043). The MANOVA was significant (F(3144) = 3.07, p = .030) due to the fact that grey matter and CSF volumes were increased in ASD (grey matter: 747.6 ml vs. 722.2 ml, F(1146) = 4.70, p = .032; CSF: 249.9 ml vs. 234.7 ml, F(1146) = 6.12, p = .015). No group differences in TBV and tissue volumes were detected in the Adult age band (all F-values < 0.77, pvalues > .517).
VBM Results of the voxel-wise analysis in each age band are presented in Table 2 and Fig. 2 . Within the All Subjects cohort, no group differences were detected in the children, young adolescents and adult age groups. In the Older Adolescent group, there were no regions in the grey matter where ASD demonstrated greater volume than TD. However, older adolescents with ASD demonstrated reduced grey matter volume in a single cluster located in the left central sulcus (MNI coordinates −48 − 15 43). Within the Matched Subjects cohort, no group differences were detected in any age band.
IQ Effects
All Subjects Cohort IQ was available on 814 of the 833 individuals included in the All Subjects cohort. Three subjects with IQ < 70 were excluded leaving a total of 811 subjects (ASD n = 381; TD n = 430) in the following analyses. Consistent with the results of the primary analysis, TBV remained significantly enlarged in ASD by 2.02 % compared to TD after covarying for IQ (1259.0 ml vs. 1234.0 ml; F(5805) = 8.71, p = .003). Similarly, the group effect for the MANOVA of tissue types also remained significant (F(3803) = 4.90, p = .002) due significant enlargement of grey matter in ASD (732.2 ml vs. 714.1 ml; F(1805) = 12.48, p < .001). No group differences in white matter and CSF were detected (F-values < 2.37, p-values > .124). As shown in Supplementary Figure 4 , the results of the voxel-wise analysis also remained unchanged when FIQ was added as a covariate. Grey matter volume in a cluster located in the left anterior STG (MNI coordinates −66 − 4 − 2) was significantly increased in ASD (t = 4.38, p FWE cluster level corrected = .002; cluster size = 993 voxels). No regions of decreased grey matter volume were detected in ASD.
The linear regression analysis with TBV entered as the dependent variable and age, sex, site, diagnostic group, and FIQ entered as predictors was significant (F(5805) = 44.56, p < .001). This was due, in part, to a significant correlation between TBV and IQ (partial r = 0.16, p < .001). Scatterplots for the Correlations between TBV and IQ are presented in Supplemental Figure 5 . In the TD group, the partial correlation between TBV and IQ was r = .20, p < .001, indicating that IQ accounted for 4.0 % of the variance in TBV. The partial correlation in ASD was r = .13, p < .011 indicating that IQ accounted for about 1.7 % of the variance in TBV. Repetition of the linear regression analysis after including an IQ by group interaction term indicated that the correlation between TBV and IQ, while diminished in ASD, did not significantly differ between groups (group x IQ interaction term t(804) = 1.38, p = .169).
Matched Samples Cohort IQ was available on 592 subjects. Two individuals with IQ < 70 were excluded leaving a total of 590 subjects (ASD n = 297; TD n = 293) in the following analyses. Adjusted for IQ, TBV was significantly larger in ASD by approximately 1.94 % (1263.8 ml vs. 1239.8 ml; (F(1584) = 5.73, p = .017). The group effect within the MANOVA was significant (F(3582) = 2.90, p = .034) due to the fact that grey matter volume increased in ASD (735.3 ml vs. 718.6 ml; F(1584) = 7.73, p = .006). For the VBM analysis, no significant differences were detected with IQ included as a covariate which is consistent with the Matched Subjects analysis that did not include IQ as a covariate.
The linear regression analysis with TBV entered as the dependent variable and age, sex, site, diagnostic group, and FIQ entered as predictors was significant (F(5584) = 27.39, p < .001) due, in part, to a significant correlation between TBV and IQ (partial r = 0.19, p < .001). Scatterplots for the Correlations between TBV and IQ are presented in Supplemental Figure 5 . In the TD group, the partial correlation between TBV and IQ was r = .21, p < .001, indicating that IQ accounted for 4.4 % of the variance in TBV. The partial correlation in ASD was r = .17, p < .003 indicating that IQ accounted for about 2.9 % of the variance in TBV. Repetition of the linear regression analysis after including an IQ by group interaction term indicated that the correlation between TBV and IQ, while diminished in ASD, did not significantly differ between groups (group x FIQ interaction term t(583) = 0.77, p = .441).
Discussion
Using the vast resource of the ABIDE, we were able to examine brain structure in a large sample of individuals with and without ASD. In keeping with previous studies (Courchesne et al. 2003; Freitag et al. 2009; Hazlett et al. 2005) , we found that TBV was enlarged in ASD due to a selective increase in total grey matter volume. This effect was significant in the All Subjects cohort, which included 833 individuals, but only reached trend significance in the smaller Matched Samples cohort (n = 600) which provided stringent control over potential confounds inherent to multi-site studies by matching cases to controls on age and sex within each site. However, after controlling for IQ, significant TBV enlargement in ASD was also detected in the Matched Samples cohort. Despite different image processing tools (i.e. VBM vs. FreeSurfer), statistical methods, quality control criteria, and outcome variables (TBV vs. ICV), the current results are very similar to the previous investigation of the ABIDE by Haar and colleagues which reported a very slight increase in ICV in ASD (Haar et al. 2014) . Consequently, it appears that TBV and grey matter enlargement in ASD is remarkably subtle, on the order of 1-2 %, and the generally modest significance level reached for most analyses is striking given the large sample sizes.
The ABIDE does not contain longitudinal data; however, we were able to examine age effects cross-sectionally. TBV and gray matter volume peaked in adolescence, while white matter continued to increase, which is consistent with prior developmental studies and meta-analyses (Durston et al. 2001; Giedd et al. 1999; Hedman et al. 2012) . Although larger total cerebral and gray matter volumes in the ASD group contributed to more pronounced peaks in childhood and adolescence, the overall growth trajectories were very similar in the ASD and the TD groups. This suggests that the same basic processes are at play, but the extent and timing may differ subtly in ASD, at least for individuals aged 6 and older. The adults had remarkably similar volumes for all tissue classes, suggesting normalization of global structural differences over time, which is consistent with a recent VBM study of high functioning adults (Riedel et al. 2014 ) as well as Duerden et al.'s (Duerden et al. 2012 ) meta-analysis reporting no grey matter differences in adults with ASD. This resolution in adulthood may result from a compensatory drop in grey matter volume sometime in late adolescence or early adulthood for individuals with ASD that is enhanced relative to the drop seen in typical adolescents. The lack of group differences in TBV and total tissue volumes in adults with ASD clarifies a mixed literature on the developmental extent of brain volume differences in ASD, with some studies reporting increased volume persisting into adulthood (Freitag et al. 2009; Hazlett et al. 2006; Piven et al. 1995) , but others reporting resolution of group differences by adulthood Courchesne et al. 2001; Ecker et al. 2012; Hallahan et al. 2009 ).
In addition to examining total brain and tissue volumes, a major goal of this investigation was to identify regional grey matter abnormalities in ASD. Using VBM, we found that grey matter expansion in ASD was relatively more pronounced in the left anterior STG. This finding is generally consistent with prior studies identifying altered morphometry in the temporal lobe in ASD (Brieber et al. 2007; McAlonan et al. 2005) , and the STG as a potentially important biomarker of ASD (Mueller et al. 2013; Pierce 2011; Waiter et al. 2004 ). This finding remained significant even after controlling for IQ. However, it is critical to point out that no group differences in regional grey matter were identified in the Matched Samples cohort, which included 300 case-control pairs. This is consistent with Haar and colleagues who reported no volumetric differences in grey matter using an ROI approach with date from the ABIDE (Haar et al. 2014) . They did, however, find increased cortical thickness in several ROIs, including the left STG. The anterior region of the left STG we identified in the larger sample is associated with semantic language comprehension (Lau et al. 2013 ) and response selectivity for human speech sounds (DeWitt and Rauschecker 2012), corroborating previous findings that the structure of the STG impacts aberrant language and communication development in ASD (Bigler et al. 2007) .
When examining age effects, older adolescents with ASD in the All Subjects cohort exhibited a single cluster of decreased grey matter volume in the left central sulcus. No significant regional differences were found in other age bands, or in any age band within the Matched Samples cohort. Decreased left central sulcus grey matter volume in older adolescents is consistent with functional findings of less coherent central sulcus response in ASD during a sensorimotor task (Muller et al. 2001) .
As touched upon earlier, we were struck by the minimal, highly localized group differences in morphometry in a very large sample of individuals with ASD. This is particularly striking given the extensive neural network models that have been hypothesized to be involved in the neuropathology of ASD (McAlonan et al. 2005; Muller 2007) . It is noteworthy that within a sample of over 800 individuals, significant group differences were so minimal and localized to regions that are more involved with language and sensorimotor function than with reciprocal social interaction, the defining clinical feature of ASD. This contrasts with previous studies of much smaller samples that have reported widespread group differences in the insula (Radeloff et al. 2014) , cingulate (Greimel et al. 2013) , as well as various temporal (Greimel et al. 2013) , parietal (Ecker et al. 2012; Greimel et al. 2013) , and prefrontal (Duerden et al. 2012; Ecker et al. 2012 ) lobe structures. It's possible that the relative lack of such findings in the current study is due to methodological differences between studies and symptom heterogeneity. However, the possibility that some, possibly many of the neuroanatomical findings in ASD are false positives must also be considered. As touched upon earlier, the vast majority of anatomical imaging studies included relatively few subjects, less than 25 individuals with ASD in many cases (Duerden et al. 2012) . Small studies are prone to producing unreliable results; an effect that is compounded by publication bias and the use of samples of convenience in neuroimaging studies (Falk et al. 2013; Ioannidis et al. 2014 ).
In conclusion, the current study leveraged the unprecedented power of the ABIDE to investigate brain structure differences in individuals with ASD. While increased total brain/ gray matter volume in ASD was replicated, it was a small increase, and was absent in the adult subgroup. It was, however, robust to IQ effects as group differences remained after accounting for IQ differences. This was in spite of a significant amount of variance in total brain volume that was accounted for by IQ, which has been reported in previous studies (Freitag et al. 2009 ). These findings represent the largest VBM study to date of brain structure in ASD; the ABIDE will undoubtedly provide the autism research community with unprecedented opportunity to assess brain structure and function in ASD on a scale that will help to clarify discrepancies in the literature.
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